Nonapeptide receptors, like oxytocin receptor (OTR) and vasopressin 1a receptor (V1aR), modulate a variety of functions across taxa, and mediate phenotypic variation within and between species.
. Therefore, characterizing the expression patterns of OTR and/or V1aR has informed much of our understanding of the natural variation in brainbehavior relationships, particularly in the area of social behavior.
The majority of the work in this area has focused on animals within a single age group. However, it is imperative to consider the dynamic action of nonapeptide systems across distinct developmental timepoints. To the extent that the ontogeny of OTR and V1aR expression has been studied, the evidence indicates that OTR and V1aR can be dynamic in some regions of the forebrain but highly stable in others as animals age and mature (Hammock & Levitt, 2013; Olazabal & AlsinaLlanes, 2016; Shapiro & Insel, 1989; Smith et al., 2017; Tamborski, Mintz, & Caldwell, 2016; Tribollet, Charpak, Schmidt, Duboisdauphin, & Dreifuss, 1989; Tribollet, Goumaz, Raggenbass, Duboisdauphin, & Dreifuss, 1991; Wang, Young, Liu, & Insel, 1997 ).
Specifically, OTR or V1aR may be transiently high or low during infancy or juvenile life stages in some forebrain regions, whereas receptor expression remains constant throughout development into adulthood in other regions (reviewed in Grinevich, Desarmenien, Chini, Tauber, & Muscatelli, 2015; Hammock, 2015; Miller & Caldwell, 2015) . These region-specific trajectories of OTR and V1aR development suggest that the influence of nonapeptides varies across developmental stages, with distributions of OTR and V1aR across the forebrain seeming to follow developmental programs. However, the majority of this work has focused on rats, with only a few studies in other species (including mice and voles). The literature across species shows some consistency, but more inconsistencies, which indicates that the nonapeptide system has responded to different selection pressures over the course of evolution (Goodson, Kelly, & Kingsbury, 2012; Kelly & Ophir, 2015; Ren et al., 2015) . Indeed, species differences in these region-specific trajectories may be linked to concurrent socio-behavioral differences across development. A better understanding of the natural development of receptor expression has the potential to reveal the ways in which evolution has shaped various networks in the brain important for processing and mediating social behavior (Ketterson & Nolan, 1999) .
The environment introduces a major source of variation on the nonapeptide system, and both social and ecological experiences can have profound influences on the expression and function of VP, OT, and their receptors in adulthood (Bales & Perkeybile, 2012; Carter, 2003; Cushing, 2013) . For example, research across rodent species demonstrates the plastic response of nonapeptides systems to variation in early life social experiences (Bales & Perkeybile, 2012; Curley, Jensen, Mashoodh, & Champagne, 2011) . Female prairie voles, Microtus ochrogaster, raised without fathers (i.e., single-mother rearing) exhibit increased OT mRNA expression in the PVN (Ahern & Young, 2009 ). Previous work from our lab demonstrates that male prairie voles experiencing single-mother rearing demonstrate greater V1aR expression in the RSC compared to males raised with both parents (Prounis, Foley, Rehman, & Ophir, 2015) .
In this same study, post-weaning social environments also influenced OT and VP systems, with males living in isolation as juveniles developing greater OTR expression in several regions of the brain as adults (Prounis et al., 2015) . The plasticity of OTR and V1aR that results from early life experiences presumably reflects, at least in part, the outcome of variation of endogenous OT and VP release and binding over development that ultimately impacts adult receptor phenotype. Indeed, early life OT manipulation in prairie voles influences the expression of adult speciestypical behaviors, including pair bonding and alloparental care, in a sexspecific manner (Bales & Carter, 2003a; Bales, Pfeifer, & Carter, 2004) .
Early OT and VP manipulations also influence aggressive behavior differentially in adult males and females (Bales & Carter, 2003b; Stribley & Carter, 1999) . Taken together, the evidence suggests that the natural development of OTR and V1aR is not only dynamic over the course of development, but that it is an open system that can be impacted by environmental context during development.
Over the past 25 years or more, prairie voles have served as an excellent species to understand the roles that nonapeptides play in mediating several rare and human-like behaviors, including bonding, monogamy, and bi-parental care. In this time, several studies have manipulated the early life experiences (behaviorally or pharmacologically; see above) in prairie voles to observe the consequences, yet we know relatively little about the natural patterns of OTR and V1aR over the course of development. Due to the prominence of the prairie vole in research on development and social behavior, and the importance of the nonapeptide system therein, the field is in need of a thorough developmental profile of OTR and V1aR expression in both male and female prairie voles, comparable to the work that has explored OTR and V1aR ontogeny in rats. Doing so will also provide the ability to expand what we know about species differences among rodents in a meaningful way (Kelly & Ophir, 2015) .
Here we conduct the most thorough analysis to date of the development of OTR and V1aR expression throughout the forebrain of both male and female prairie voles. We also investigated the ways in which social and spatial complexity experienced during post-weaning influences developmental trajectories of OTR and V1aR in each sex. We predicted that the patterns of OTR and V1aR over development in rats (and other species) will differ from many of the patterns observable in prairie voles, presumably reflecting the important socio-behavioral characteristics of this species (e.g., pair-bonding behavior, paternal care, and alloparental care) (Gobrogge & Wang, 2016) . We also predicted that complex (and more naturalistic) social environments should produce differences in OTR and V1aR, which may relate to behavioral variation observed within the species (Okhovat, Berrio, Wallace, Ophir, & Phelps, 2015; Ophir, Campbell, trapped in Champagne-Urbana, Illinois, USA. All breeders for this study were weaned at postnatal day (PND) 21 and separated into same-sex litters housed in standard polycarbonate cages (29 3 18 3 13 cm) lined with Sani-chip bedding and provided nesting material. No animals in this experiment were raised in isolation. Water and rodent chow (Rodent Chow 5000, Harlan Teklad, Madison, WI) were provided ad libitum and animals were maintained on a 14:10 hr light:dark cycle (lights on at 0600) with ambient temperature maintained at 20 6 28C.
All procedures were approved by the Institutional Animal Care and Use Committee.
After the animals reached sexual maturity (i.e., > PND 45) we paired males and females to create breeding pairs. To establish breeding pairs, we sexually primed females by adding a mixture of dirty bedding material and urine-soaked Sani-chips to the females' cages. This is a natural, robust, and noninvasive method of inducing sexual receptivity and estrus cycling in this species (Carter, Getz, Gavish, Mcdermott, & Arnold, 1980; Dluzen, Ramirez, Carter, & Getz, 1981; Richmond & Stehn, 1976) . After 48 hr of exposing a female to these conditions, we introduced a male to each cage containing a female. Immediately after pairing, we monitored the animals for signs of overt aggression or potential harm. All pairs acclimated to the new housing conditions within 10 min, and the pairs were left alone to breed naturally. Twenty days after pairs were created, we began closely monitoring them for offspring; prairie vole gestation is approximately 21 days.
Pups from each breeding pair served as subjects for this study. We documented the birthday for each litter upon discovery of the litter.
Litter size and sex ratios were also recorded for each litter. Pups from each litter were left alone until they reached one of seven ages: PND 6, 9, 12, 15, 18, 21, and 60. For animals assigned to pre-weaning groups (PND 6-21), we removed pups from the home cage at the preassigned age and collected brains (see below). At least five males and five females were sampled for each age group (see below for final Nvalues).
We also created two groups of adult aged offspring (PND 60). Animals that were assigned to the PND 60 groups were weaned at 21 days and housed with a same-sex sibling until they were 60 days old.
One set of the PND 60 animals (N 5 5 males, 9 females) was raised in standard housing conditions (as described above; with one same sex sibling in a standard shoebox cage). We refer to this group as 'simple adults' because they were provided relatively minimal social and environmental enrichment.
The second group of the PND 60 animals (N 5 8 males, 8 females) was housed in cages exactly as those described above. However, each cage had a 7.6 cm hole in the side of the shoebox cage, which was connected to a four-sided clear Plexiglas arena (120 cm 3 120 cm 3 60 cm) through a clear Plexiglas tunnel. The four sibling pairs that were housed in these 'satellite' cages were unrelated and unfamiliar to each other. The central arena was covered with alfalfa bedding and contained PVC tubes for cover and a running wheel. Access to each 'satellite' cage was blocked with a wire cloth gate that prevented the pair from entering the arena. Every 24 hr, we removed the wire gate for one of the satellite cages, allowing only the sibling pair in that cage access to the center arena. After 24 hr, the animals were returned to their satellite cage and the gate was replaced. The alfalfa was disrupted to remove any 'tunneling' in the arena and the running wheel was rotated 908 counterclockwise to the right. We then removed the gate for the next cage positioned to the counter clockwise adjacent wall.
Although only one pair of siblings could freely enter the arena at any given moment, visual and olfactory contact at the wire cloth boundaries was possible when voles living in a blocked cage approached the blocked entryway. We rotated access to each satellite cage each day from age 21 to age 60. Our rotation paradigm ensured high levels of olfactory complexity in the central chamber, with constantly changing patterns of urinary odors between each access window for a sibling pair. Although there were some factors we could not control using this design, our aim was to expose a juvenile vole to a spatially and socially complex environment that was more similar to what would be experienced in a natural habitat, at least when compared to standard laboratory housing. For these reasons, we referred to these animals as 'enriched adults'.
| Tissue collection
As mentioned above, we collected brains from male and female pups at seven ages: PND 6, 9, 12, 15, 18, 21, and 60. Breeding pairs contributed no more than 1 male and 1 female to each age group, which were chosen at random from the litter. Immediately after extraction, we flash froze brains on powdered dry ice and wrapped them in aluminum foil, which was individually marked. All frozen brains were stored at 2808C until cryosectioning. Later, we coronally sectioned brains at 218 6 28C to a thickness of 20 lm. Sections were mounted in four sets at 100 lm intervals on Superfrost Plus slides (Fisher Scientific Co., Pittsburgh, PA). Each of four sets was then stored at 2808C until they were used to visualize receptor density using autoradiography (see below).
| OTR and V1aR autoradiography and figure preparation
We used our validated autoradiography protocol to visualize OTR and V1aR in subjects (see Ophir et al., 2013) . We used -Arg6]-); NEX310, PerkinElmer). We exposed radiolabelled tissue to film (GE Healthcare, Little Chalfont, UK) for 4 days.
We assessed the relative density of ligand binding by inferring that receptor density relates to the optical density of exposed film. In this way, optical density measurements serve as a proxy for receptor density. We used 125 I-labelled radiographic standards (American Radiolabeled Chemicals, St Louis, MO, USA) to allow for conversion of optical density to receptor density. Films were digitized on a Microtek ArtixScan M1 (Microtek, Santa Fe Springs, CA, USA) at 1200 ppi with 8-bit gray-scale settings; contrast and brightness were uniformly (across all individuals) adjusted to maximize gray tones. Measurements of optical densities were collected using IMAGE-J (NIH, Bethesda, MD, USA). To assemble figures, the original digitized images were imported into Adobe Photoshop CS6 (v. 13.0 x64) where nontissue backgrounds were removed and contrast and brightness were adjusted to minimize among-individual differences in nonspecific staining. Figures were assembled and labeled in PowerPoint (for Mac 2011, v. 14.7.3).
We calculated receptor density on each section by first converting optical density to disintegrations per minute (dpm), adjusted for tissue equivalence (TE; for 1 mg in the rat brain), by using a log function to fit curves generated by radiographic standards. To generate our measures of interest, we measured receptor optical density for each structure three times (once on a series of three brain sections, bilaterally). We also measured nonspecific binding on each section by measuring the background levels collected (bilaterally) from fibrous areas that do not express either receptor on each of the same sections measured. The values for each structure were averaged, converted to dpm/mg TE, and adjusted to represent specific binding by subtracting nonspecific binding from total binding for each area.
We assessed receptor density across the forebrain regions where OTR and V1aR are frequently and prominently expressed in prairie voles. Note that although several structures demonstrated different receptor expression levels as a function of age, no structures appeared to express receptors in adulthood but not at a young age, or vice versa.
OTR was measured (rostral to caudal) in the PFC, ICa, NAcc, SHi, LS, CP, ICm, CeA, BLA, HPC, and ICp. V1aR was measured (rostral to caudal) in the OBm, OBa, VPall, LS, BNST, PVN, SCN, AH, LDTh, MDTh, VPTh, RSC, CeA, MeA, and VMH. All regions of interest were identified using the rat atlas (Paxinos & Watson, 2013) ; outlines of selected regions are depicted in the representative autoradiograms in each figure. Tissue damage during processing prevented scoring of particular regions in select individuals; final sample sizes for each region in each age group are reflected in the Tables.
| Data analysis
We binned the pre-weaning aged animals into two groups for our analysis to capture the first half (PND 6, 9, 12; Early Pre-Wean) and second half (PND 15, 18, 21 ; Late Pre-Wean) of postnatal pre-weaning development. We chose to group our animals this way because these ages reflect specific behavioral and physiological milestones of prairie vole development (McGuire & Novak, 1984) . Prairie voles just begin to enter the early stages of locomotion and independent behavior around PND 6-12, and become highly active, obtaining their own solid food, and engaging in play behavior by PND 15-21. Furthermore, these agespans capture important neurodevelopmental stages of growth and brain development in rodents and humans (Gottlieb, Keydar, & Epstein, 1977; Semple, Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 2013) .
Finally, our results demonstrated that nonapeptide receptor expression generally did not differ within these binned age groups (data not shown, but see Tables).
As just explained, our study compared the influence of environmental and social enrichment on brain development. We operationally defined an effect of enrichment using at least one of the two following criteria. We considered enrichment to have impacted nonapeptide For practical reasons, male and female brains were labeled in separate autoradiography procedures, preventing direct comparison of expression values. We therefore limit discussion of sex differences to qualitative differences in patterns that are observed between the two sexes for any given region. We performed a nonparametric KruskalWallis test, and the Dunn's test was used for post hoc pairwise multiple comparisons to compare receptor densities within each region across our four groups (Early Pre-Wean, Late Pre-Wean, Simple Adult, Enriched Adult). Nonparametric statistics were necessary because the assumption of homogeneity of variances between groups was not met, as determined by the Bartlett test. Dunn test p-values were rounded to nearest one-hundredth decimal, and we considered alpha 0.05 to be statistically significant.
Unfortunately, due to practical constraints, our sample sizes -particularly for the adult animal groups-were relatively small, placing us at risk of making type 2 statistical errors. Thus, although we did not consider such trends to be significantly different, in some instances nonstatistically significant trends are worth mentioning for the readers consideration. Our intention in this paper was to shine a light on general patterns of receptor expression as a function of development and enrichment. Therefore, we include some discussion of nonstatistically significant trends (a) to highlight the overarching patterns, (b) openly characterize those patterns and the specific data comparisons, and (c) provide the reader with such information within a relatively conservatively defined window in case type 2 errors were made. We limited our discussion of trends based on the following. Firstly, we calculated an estimated effect size of the average statistically different post hoc comparison for receptor expression between any group. That mean effect size (Cohen's d) was 1.36. We then used G* Power (v3.1.9.3; Faul, Erdfelder, Lang, & Buchner, 2007; Faul, Erdfelder, Buchner, & Lang, 2009) to estimate the necessary sample size per group needed to safely assess the contrasts. Based on these results, we only considered a nonsignificant trend to be at risk of being under powered and therefore worthy of discussion if the power analysis output indicated that an 
| Nucleus accumbens
Both males (x 2 (3) 5 24.32, p < 0.0001; Figure 2C , Table 1) 
| Insular cortex, medial
An increase in ICm OTR across development was found in females only Tables 1 and 2 ) was stable across development and showed no statistical differences.
| Patterns of vasopressin receptor development
Patterns of developmental change in V1aR densities across the forebrain were region-specific, and in some cases, sex-specific (Tables 3   and 4 ). In certain forebrain regions, expression profiles were stable and did not differ across development or as a function of enrichment in adulthood. However, V1aR density was dynamic over development, 
| Ventral pallidum
Males demonstrated significantly less VPall V1aR expression as a result of enrichment (x 2 (3) 5 12.68, p 5 0.01; Figure 5C , Table 3 ), whereas females demonstrated a significant decrease in VPall V1aR expression over development (x 2 (3) 5 10.67, p 5 0.01; Figure 5B , Enriched Adult: p 5 0.32). 
| Laterodorsal thalamus

| Mediodorsal thalamus
| Medial amygdala
Males showed a decrease in MeA V1aR due to enrichment (x 2 (3) 5 9.84, p 5 0.02; Figure 8C , Figure 8B , Table 4 ).
| Ventromedial hypothalamus
Males showed a decrease in VMH V1aR due to enrichment (x 2 (3) 5
13.39, p 5 0.004; 
| Lateral septum and central amygdala
In both males and females, expression of LS V1aR (males: x 
| D I SCUSSION
Our data strongly suggest that the developmental trajectories of OTR and V1aR throughout the forebrain of male and female prairie voles are dynamic and differ by location. Furthermore, the developmental trajectories of OTR are markedly different from those of V1aR.
Whereas all OTR-expressing regions measured in males and females exhibited either no apparent change or an apparent increase over development and into adulthood, V1aR regions proved to be more dynamic, including numerous regions where expression of V1aR was highest in Early Pre-Wean and/or Late Pre-Wean (Figure 10 ). Environmental enrichment after weaning induced a remarkable sex-specific effect on V1aR development. In males only, post-weaning enrichment resulted in lower expression of V1aR in several regions; in females, this effect was only observed in the PVN (Figure 11, bottom) . The effects of post-weaning enrichment on OTR expression were nearly identical in males and females, resulting in higher OTR expression in many regions of the brain (Figure 11, top) . Below we expand on these general patterns across development, the effects of enrichment, and sex differences, with a limited focus on a few structures or patterns that merit commentary.
| Inferring developmental trajectories of OTR and V1aR under standard laboratory housing
In this section we focus our discussion on prairie vole patterns of receptor expression from early pre-wean to adulthood while living in standard laboratory conditions. Several forebrain regions in our study exhibited what appeared to be stable expression of OTR and V1aR over development. Indeed, in both males and females OTR did not differ for the HPC, ICp, LS, and SHi (Figure 10, top) . Similarly, V1aR did not differ across development in the CeA, MeA, LS, or VMH in males or females (Figure 10, bottom) . Most of these structures were also insensitive to the influence of enrichment and showed no significant on behavior, including learning and memory (Engelmann, Wotjak, Neumann, Ludwig, & Landgraf, 1996) , anxiety (Neumann & Landgraf, 2012) , and aggression (Bosch, 2013) . Whether (and how) these bifurcating developmental patterns might relate to, or contribute to, the general antagonistic relationship between VP and OT is unclear. On the other hand, this observation may simply be an interesting coincidence. In either case, this pattern of opposition between VP/V1aR and OT/OTR merits further investigation.
| Influences of post-weaning environmental enrichment on OTR and V1aR
Living in a socially and spatially complex, or 'enriched', environment resulted in a variety of OTR and V1aR differences in the forebrain.
That said, roughly half of the structures we investigated showed no effect of enrichment in both males and females (OTR: HPC, ICm, ICp, LS, NAcc, and SHi; V1aR: AH, CeA, LS, OBa, OBm, RSC, VPTh; Figure   11 ). In the strictest sense only four structures in males, and one structure in females showed a difference between adults living in 'Simple'
and 'Enriched' conditions. These included OTR in male BLA and ICa (both of which showed more OTR expression in the enriched condition; Table 1 ), and V1aR in male SCN and VPall (both of which showed less V1aR in the enriched condition; Figure 5C , Table 3 ). Only adult females in the 'Enriched' living condition showed more V1aR expression in the LDTh than in the 'Simple' living condition ( Figure 6B , Table 4 Tables 1 and 2) , and (b) when a structure is apparently unaffected by development into adulthood but enrichment appears to induce a change (e.g., see OTR in the ICa of males; Table 1 ).
Following these guidelines, our results showed that enrichment bolstered OTR expression in both males and females in the PFC, ICa, and BLA, the CP in just males, and in the CeA in just females (Figure 11, top) . On the other hand, enrichment had a striking sex-specific effect on V1aR expression. For females, enrichment increased V1aR expression only in the LDTh, and decreased V1aR expression only in the PVN (Figure 11 ). On the other hand, enrichment decreased V1aR expression in the VPall, BNST, SCN, LDTh, MDTh, MeA, and VMH in males ( Figure   11 ). Like the aforementioned patterns described over development, male OTR increased in expression while male V1aR decreased in expression when differences were found. In females, however, enrich- 
| Comparative perspectives of OTR and V1aR development within and between species
Our study is the first relatively exhaustive characterization of OTR and V1aR in prairie voles over development, and the only study that has also assessed the impact of post-wean enrichment on these systems.
However, some earlier work investigated region-specific patterns of change over a different age range in a few structures and focused on species differences between prairie voles and their congener the montane vole (M. montanus) . On balance, our results are consistent with these reports. For example, demonstrated that V1aR expression is reduced in the VPall and is static in the LS of male prairie voles as they age.
Although and our study each found no evidence of receptor changes over prairie vole development in the LS, found increased expression of both OTR and V1aR in the LS of female prairie voles. It is difficult to reconcile the different outcomes in the LS between these studies. Methodological differences (like focus on different ages, the use of different radioligands, or possibly even neurological differences between sub-populations of voles) might explain some of these apparent idiosyncratic incongruences.
Such differences do, however, raise the issue that there is a tremendous amount of individual variation in OTR and V1aR expression in prairie voles (Ophir et al., 2008a; Ophir et al., 2008b; Phelps & Young, 2003) , and this is likely even more noticeable over the course of development. It is worth noting that pair-wise comparisons (i.e., Dunn test analysis) for LS OTR in our study suggests similar findings to those from , however this post hoc test was not justified because overall statistical differences were not significant under the Kruskal-Wallis test.
Compared to voles, the ontogeny of OT and VP systems in rats has been well studied (Lukas, Bredewold, Neumann, & Veenema, 2010; Shapiro & Insel, 1989; Smith et al., 2017; Tribollet et al., 1989; Tribollet et al., 1991) . Similar to our findings, trajectories of OTR and V1aR during postnatal development in rats are highly specific to region. However, the characteristic patterns of OTR and V1aR we found in prairie voles contrast with the literature in rats and other rodents. For exam-
ple, unlike what we found in prairie voles, OTR expression commonly follows a trajectory of reduction in male Sprague-Dawley rats. Specifically, the NAcc, CP, and thalamic nuclei (anterior and ventricular) are all intensely labeled in young rats, but later are faint or nonlabeled in adulthood (Tribollet et al., 1989) . In male and female C57BL/6J mice, a similar developmental pattern of OTR expression is found in the neocortex with peak expression occurring at PND 14 (Hammock & Levitt, 2013) . In prairie voles, none of the seven OTR forebrain regions that differed as a function of development exhibited a reduction in receptor expression. Taken together, OTR is relatively dynamic in rodent forebrain structures over development, and structures that change tend to follow the same trajectory within a given species. However, patterns of increases or decreases in OTR expression over development and into adulthood appear to be species specific.
In contrast to OTR in other rodent species, rat V1aR expression in most forebrain regions either increases with age or remains stable (Lukas et al., 2010; Snijdewint, Vanleeuwen, & Boer, 1989; Tribollet et al., 1991) . For example, V1aR in the SCN (Tribollet et al., 1991) , LS, and piriform cortex (Lukas et al., 2010) expresses more in adulthood than during pre-weaning or juvenile development. Our results showed that the olfactory bulb regions (OBm and OBa), and the laterodorsal and mediodorsal thalamus (LDTh and MDTh) were the only V1aR expressing regions characterized by an increase with age. On the other hand, most structures (PVN, AH, VPall, and RSC) decreased V1aR expression over development. Interestingly, V1aR expression in the rat posterior cingulate cortex demonstrates a prominent peak of expression of V1aR around PND 10-13, followed by absence of binding after PND 19 (Tribollet et al., 1989) . The posterior cingulate cortex is immediately anterior to the RSC, and the distinction between the two areas is poorly disambiguated structurally or functionally (Jones, Groenewegen, & Witter, 2005) . The relationship between rat posterior cingulate V1aR and prairie vole RSC V1aR is unclear, but this seems to be consistent with our observation that compared to other rodents, prairie voles repeatedly demonstrate opposite themes in developmental patterns of OTR and V1aR expression. It is tempting to speculate whether these broadly defined, species-specific patterns of nonapeptide receptor development could account for some of the species-specific and developmentally regulated differences in social behaviors (e.g., pair
bonding, or alloparental care), or mating tactics (see Ophir, 2017 ) that distinguish prairie voles from rats and mice.
Despite the importance of comparing behavioral and neural phenotype across species (c.f., Kelly & Ophir 2015 , Stevenson et al., 2017 , Taborsky et al., 2015 , to our knowledge, there are very little data exploring the developmental trajectory of nonapeptide phenotype outside rodents. However, some studies in non-human primates provide the opportunity to explore the extent to which the developmental differences between rodent species just described are reflected in other taxa. The available data in primates consist primarily of OTR and V1aR expression in adult rhesus macaques, common marmosets, and copper titi monkeys, and these studies indicate intriguing species differences (Freeman, Inoue, Smith, Goodman, & Young, 2014a; Freeman et al., 2014b; Schorscher-Petcu, Dupre, & Tribollet, 2009; Young, Toloczko, & Insel, 1999) . Specifically, compared to macaques and marmosets, the development of OTR and V1aR in the socially monogamous copper titi monkey may follow a similar general rule that we found in the prairie vole: increasing OTR and decreasing V1aR between pre-weaning and adulthood. More developmental work in other taxa will provide an important foundation on which a broad understanding of nonapeptide development and function can be built (Kelly & Ophir 2015) .
| Some functional implications of the changes over development and/or due to enrichment
The behavioral and regulatory ramifications of the changes the nonapeptide system appears to undergo over development and as a result of enrichment holds great promise for future research. In particular, it is intriguing to consider how modification of OTR and V1aR expression throughout the social decision-making network (O'Connell & Hofmann, 2011 , 2012 could result in behavioral changes during development.
Such experiences may also place animals on particular trajectories that lead to different probabilities of engaging in important fitnessenhancing behaviors such as the decision to engage in a particular mating tactic, or the decision to form pair bonds-calling cards of prairie vole natural behavior (Ophir et al., 2008b; Zheng et al., 2013) .
| Social behavior and social decision-making
The social behavior network (SBN) is a network of neural structures central for the regulation and modulation of social behavior and includes the Preoptic Area, CeA, MeA, BNST, LS, AH, VMH, and the midbrain (i.e., periaqueductal grey) (Goodson, 2005; Newman, 1999) .
This network has been expanded into a so-called social decisionmaking network (SDMN), which is comprised of the SBN structures and the NAcc, VPall, CP, LS, BNST, BLA HPC, and ventral tegmental area (O'Connell & Hofmann, 2011 , 2012 . With the exception of the preoptic area and ventral tegmental area, all of these structures express OTR, V1aR, or both in prairie voles (Zheng et al., 2013) . Note, we did not observe expression in the preoptic area and we did not characterize the ventral tegmental area. Although OTR and V1aR in some of these structures were insensitive to the influence of development or enrichment, expression within several of the SDMN structures were open to these forces, including AH, BLA, BNST, CeA, CP, MeA, NAcc, VMH, and VPall. Indeed, the ways in which nonapeptides regulate neural modulation and how this may affect social behavior in maturing animals could explain much about the extent to which animals vary in social responsiveness as they age. Increases or decreases in OTR or
V1aR could indicate critical periods in development where individuals might be sensitized or deafened to the effects of nonapeptide signaling.
It remains to be determined whether changes in receptor expression reflect a coming 'on-line' of the nonapeptide system or a pre-adult 'tuning' of OT/VP sensitivity at different developmental periods where animals may temporarily benefit from exaggerated OT/VP neural modulation of social behavior.
Moreover, the organizational consequences of a development-byenvironment interaction could profoundly impact social responsiveness and social decision-making in adults. Indeed, mounting evidence supports the degree to which social environments impact OTR and V1aR development (Curley et al., 2011 voles that experience single-mother rearing followed by social isolation as a juvenile are characterized by higher OTR expression in the LS (Prounis et al., 2015) . Single-mother rearing had a main effect of promoting V1aR in the RSC, whereas post-weaning isolation had a main effect of promoting OTR in the PFC, BLA, and SHi (Prounis et al., 2015) . Indeed, the nature in which OTR or V1aR is influenced by early social experiences is highly specific to region, and to the specific characteristics of the environmental manipulation.
| Pair bonding
Prairie voles have served as the chief model for understanding the neural mechanisms for social attachment and pair bonding (Carter, Grippo, Pournajafi-Nazarloo, Ruscio, & Porges, 2008; Gobrogge & Wang, 2015; Johnson et al., 2016; Young & Wang, 2004) . The accumulation of this work has outlined a central network of OT-, VP-, and dopamineregulated neural structures that are necessary and sufficient for the formation of partner preferences and pair bonds. These include PFC, NAcc, LS, VPall, and ventral tegmental area (Young & Wang, 2004) . All but one of these pair bond-governing neural structures is included in the SDMN. The network of structures that impacts pair bonding has been extended to include other supporting mechanisms and areas (including the MeA, BLA, CP, and PVN) (Johnson et al., 2016) , which are also encompassed by the SDMN. Considering that social decisionmaking is central to the establishment of bonds, it is not terribly surprising that mechanisms important for pair bonding are largely contained within and modulated by the SDMN network.
We hypothesize that plastic responses of nonapeptide receptor systems over development and as a result of environmental enrichment may predispose an animal to adopt unique behavioral phenotypes in adulthood. For example, both males and females demonstrated an increase in PFC and NAcc OTR over development (e.g., Figure 12 ). Enrichment continued this trend in the PFC for both males and females. OT/OTR binding is sure to impact many important functions in the PFC and NAcc. However, the critical role that OT has in these structures for pair bonding seems particularly germane considering that increased OTR expression presumably translates to increased sensitivity to (or opportunity for) OT binding.
In this sense, the OT system seems to come 'on-line' as animals grow, thereby enabling (among other things) the successful establishment of bonds in adults. A pattern of higher adult expression of OTR in the PFC and NAcc in males and females may therefore prepare the prairie vole brain for partner preference formation (Keebaugh & Young, 2011) . When considering the species-specific nature of this increase in OTR (e.g., see above discussion of comparative perspectives), this developmental trajectory could represent a critical mechanism that led to (or was a consequence of) the evolution of the unique pair bonding behavior in prairie voles.
Although VP/V1aR binding in the VPall is also directly implicated in modulating prairie vole pair bonding (Lim & Young, 2004) , we note that the lack of change in males and the apparent reduction of VPall V1aR in females over development are interesting results that merit further investigation ( Figure 13 ). This is because increased pallidal V1aR facilitates at least male bonding between mating partners (Lim & Young, 2004) , and we therefore would have expected for VPall in males to increase over development. The reward-modulating NAccVPall circuit appears to be involved in both mediating sexual bonding and offspring bonding (Numan & Young, 2016 ), but it is unclear if interfere with their probability of establishing partner preferences and pair bonds. It is worth noting that the specific manipulation in the enriched context exposed males to three pairs of unrelated males and no females, potentially signaling that opportunities for bonding are low and that remaining single and mating opportunistically is the best possible avenue to maximize reproductive success. This hypothesis is consistent with the idea that non-bonded prairie voles in nature might 'choose' to remain single and mate opportunistically based on the social context (Ophir, 2017; Ophir et al., 2012; Phelps & Ophir, 2009; Solomon & Jacquot, 2002 , but see Blocker & Ophir, 2016 . It would also suggest that early life social experiences impact the neural mechanisms that subserve the decision to adopt particular reproductive tactics, or at least place males on trajectories that bias them to succeed within a given reproductive tactic (Okhovat et al., 2015; Ophir et al., 2012; Ophir et al., 2008b) .
| Socio-spatial memory
We have argued elsewhere that social and spatial memory are particularly important for prairie voles to navigate their social landscape (Okhovat et al., 2015; Ophir, 2017; Ophir et al., 2012; Ophir et al., 2008b; Phelps & Ophir, 2009) . Variation in the cognitive ecology of prairie voles has likely led to individual variation in brain-behavior phenotypes and ultimately appears to shape the reproductive tactics these animals adopt. Although the focus on nonapeptides in social behavior seems to have overshadowed their roles in memory, there is indeed a rich literature on the roles of OT/OTR and VP/V1aR in regulating various forms of memory (McEwen, 2004) . Based on this foundation, Ophir (2017) argued that nonapeptides modulate the assessment of social and spatial information, and enable prairie voles to react to their social environment in a way that will enhance their probability of successfully reproducing.
One notable pattern of results from this study is that many OTR expressing areas of the forebrain that are important for memory (HPC, SHi, LS) were fairly stable in the degree to which they expressed receptors over development and as a result of differing socio-spatial enrichment. This was not the case for V1aR expressing 'memory' areas (RSC and LDTh) where changes occurred as a result of development and/or socio-spatial enrichment. For example, LDTh V1aR expression increased over development in males and females. However, enrichment affected LDTh V1aR in opposite directions for males and females, with expression being bolstered in females but reduced in males. RSC V1aR expression decreased over development in both males and females. Ophir et al. (2008b) first implicated RSC V1aR density in prairie vole mating tactics, leading to the overarching hypothesis that RSC V1aR impacts males' ability to encode the spatial location of conspecifics, thus leading to variable mating tactics (so-called monogamous 'residents' and nonmonogamous 'wanderers') (Ophir et al., 2008b,c; Phelps & Ophir, 2009) . Supporting this hypothesis, polymorphisms in the prairie vole gene encoding V1aR in the RSC are related to fidelity (Okhovat et al., 2015) . This allelic variation is also sensitive to functional epigenetic modification, suggesting that RSC V1aR expression responds to the social context. Moreover, the presence or absence of fathers can impact RSC V1aR expression (Prounis et al., 2015) . In the current study, the RSC is one of the few regions where V1aR decreases over development in both males and females. This provides a template from which to better understand the mechanisms by which experience can shape differences in RSC V1aR expression in adults and result in differences in behavior.
| C ONC LUSI ON
The region-specific developmental trajectories of OTR and V1aR we report in prairie voles highlights the dynamic nature by which nonapeptide systems are likely to regulate social behavior across the lifetime of an animal. Species-specific developmental profiles of OTR and V1aR likely contribute to interspecific variation in social behavior found in both infancy and adulthood. Many of the forebrain regions in our analysis constitute the social behavior network, and the extension of the SBN, the social decision-making network (Goodson, 2005; O'Connell & Hofmann, 2011) . Given the complex nature of OTR and V1aR in regulating social behavior across regions of this network, one should be cautious not to over-interpret the behavioral function of an isolated pattern of receptor development within a single forebrain region with exclusion of others. Focus should be placed on the significance of developmental processes that characterize multiple regions collectively.
The general tendency for OTR expression to increase and V1aR expression to decrease into adulthood may broadly address sociobehavioral differences in this species. The manner in which social environments experienced during post-wean juvenile and adolescent stages alter trajectories of OTR and V1aR expression might influence significant socio-behavioral outcomes in adulthood. In prairie voles, these may include differences in pair bonding behavior or reproductive decision-making.
